Consider a cell culture in a medium containing one or more isotope labeled nutrients. Let us focus on an intracellular metabolite X with a time dependent total content X(t) (mol/cell culture). The metabolite is divided in M+i isotope pools with amounts X i (t) (Σ i X i =X). The transient dynamics of the metabolite content and its isotope pools follow the equations
1-Transient metabolic flux analysis (tMFA)
Consider a cell culture in a medium containing one or more isotope labeled nutrients. Let us focus on an intracellular metabolite X with a time dependent total content X(t) (mol/cell culture). The metabolite is divided in M+i isotope pools with amounts X i (t) (Σ i X i =X). The transient dynamics of the metabolite content and its isotope pools follow the equations 
∑ − N(t)g X i (t) X(t)
where N(t) is the number of cells, S j is the number of X molecules produced by reaction j, f j is the rate of metabolite production from reaction j per cell, g is the net rate of metabolite consumption per cell, and ϕ ij is the M+i isotope ratio of metabolite X when produced by reaction j. In equation (1.2) we observe that the negative term representing consumption of the M+i fraction depends on the ratio of g/X. By taking this fact into consideration we define the metabolite turnover rate per unit of metabolite
where n X (t)=X(t)/N(t) is the amount of metabolite per cell. Using this definition we can rewrite equations (1.1) and (1.2) as When the metabolite content, turnover rate and consumption rate are in steady state, it is just a matter of choice whether we prefer to work with equations (1.1)-(1.2) or (1.4)-(1.5). However, when the system is in a transient state, one or the other system may apply depending of whether g or k is constant in time. Here we are interested in both unchallenged cells that could be in steady state or cells that have been challenged. In the latter case the metabolite concentration may decrease in time due to the inhibition of its synthesis. We assume that even in the transient context the rate of metabolite consumption can be approximated by first order kinetics, g≈kn(t), with a constant turnover rate per unit of metabolite k. This is an approximation and should be tested before the application of our framework. At the end we discuss the consequence of a time dependent turnover rate per unit of metabolite.
Assuming that the isotope fractions of all precursors required in the synthesis of X (implicitly included in ϕ ij ) and the turnover rate per unit of metabolite (k) are constant in time, from equations (1.4 we obtain
is a weighted average across time of the net rate of X production per cell and
We notice that when the production rates are constant in time
More generally, since the average in equation (1.7) is exponentially biased towards f j (t') values closer to the current time, we assume that
We define the parameter
X(t)
quantifying how close is metabolite X from achieving steady state (ε<<1). Using this definition, from equations (1.6) and (1.10) it follows that
where the approximation sign follows from that in equation (1.10). Now let focus on the isotope fractions. Integrating equation (1.5) we obtain (1.13)
where δ i0 =1 if i=0 and δ i0 =0 otherwise, and
is a weighted average across time of the production rate f j . Once again, since the average in equation (1.7) is exponentially biased towards f j (t') values closer to the current time, we assume that
Dividing equation (1.13) by X(t) and taking into account equations (1.11) , (1.12) and (1.15) we obtain
where In the case where we obtain a unique solution for y j and ε, we can calculate the turnover rate from equation (1.11)
Then we can use equation (1.8) to calculate B(t). Approximating the integral by the trapezoidal rule with n intervals of uniform length Δt=t/n we obtain
Measuring N(t) at the i=1,…,n time points and using the calculated value of k (1.20) we estimate B(t) using equation (1.21). Once we have calculated B(t) we can calculate f X using equation (1.12) and then the fluxes f j =y j f X .
Estimating ε in the context of exponential growth
In the context of exponential growth N(t)=N 0 exp(µt), where µ is the growth rate. In this case from equations (1.8) and (1.12) we obtain
where n X (t)=X(t)/N(t) is the amount of metabolite per cell (mol/cell). When approaching steady state, (k+µ)t>>1, equation (1.22) can be approximated by
where n X (∞) is the steady state metabolite content per cell. Furthermore, if n X (t) does not decreases to zero as time increases then from equation (1.11) it follows that ε<<1 for kt>>1 and from equation (1.23) that
The latter equation reminds us that at steady state the metabolite production (f X ) and consumption (g X ) rates are balanced, and that the consumption rate is equal to n X (∞) times the metabolite turn over rate per unit of metabolite k plus the dilution rate µ. The characteristic time τ separating the transient regime from steady state is therefore given by
This equation can be used to estimate the characteristic transient time of a metabolite given is typical concentration and its production or consumption rate.
Other scenarios
There some cases where the tMFA equation (1.16) applies even though we may not be able to apply the approximation in equation (1.15 
Purines balance
The total purine concentration was estimated as the sum of the concentrations of AMP, ADP, ATP, GMP, GDP and GTP. The purines 13 C fractions were determined from the 13 C fractions of the purines listed above weighted by their concentrations. The purine precursors are 10-formyl-tetrahydrofolate (fTHF), CO 2 and glycine for carbon atoms; aspartate and glutamine for nitrogen atoms. There is no labeling of nitrogen in our experimental setup and therefore, regarding nitrogen, the isotope fractions of aspartate and glutamine are at steady state. CO 2 can be assumed unlabeled given its high content in the cell culture and therefore its is in steady state. As shown in the main manuscript, we can assume that the glycine isotope fractions are at steady state at the sampling time of 8 hours. The concentration of fTHF is in the C fTHF~ 1 µM range and its production/consumption flux in the f fTHF~0 .1 mM/h (as deduced from the purine synthesis rate (Fig. 2d) , resulting in a transient time scale around C fTHF /f fTHF~0 .01 h. Therefore we assume that the fTHF isotope fractions are at steady state at the sampling time of 8 hours. The increase in the purines unlabeled fraction 8 hours after MTX (Fig.  2c) indicates that at 8 hours there is still some residual purine from the pool at time zero. Since the purine precursors isotope fractions are at steady state at 8 hours but the purine fractions may still be in a transient dynamics at that time point, we model purines as a transient metabolite. In this case we consider only one metabolic flux, the purine synthesis rate f pur , and therefore y=f pur /f pur =1. Furthermore given the stoichiometry of 1 purine per glycine we set S pur =1. Following equation (1.16) we write the tMFA equation for purines (2.1.1)
where ϕ i are the 13 C fractions of synthesized purines per glycine. Under the assumption that the CO 2 is approximately unlabeled and that PRPP is either fully unlabeled ([U-
13 C]-L-serine tracing) or fully labeled ([U-
13 C]-D-glucose tracing), the synthesized purine fractions are given by (2.1.2)
Given as input the purines labeling fractions (R i ) and the PRPP labeling fractions (ρ 0 , ρ 5 ), we estimate ε, G 0 and F 0 as the minimum mean squared error solution of the system of equations (2.1.1). Once ε is estimated, we calculate k pur using equation (1.20), B(t) using equation (1.21) with n=2 and f pur using equation (1.12). To this end, we used as input the measured values of N(0), N(t) and X pur (t) at t=8 hours. The concentration of purines at platting, X pur (0), was assumed equal to the average across all replicates and time points in untreated cells.
Based on the rates of purine synthesis and the concentrations of purines reported in the main manuscript, we estimate the purine transient time to be τ=6.86±0.07, 5.92±0.02 and 12.9±0.1 hours in the MCF7, MDA-MB-468 and MDA-MB-231 untreated cells, respectively. Therefore the free purine pool is at a transient state at 8 hours.
GSH balance
The total GSH concentration was estimated as the sum of the concentrations of reduced and oxidized GSH. The GSH 13 C fractions were determined from the 13 C fractions of reduced and oxidized GSH weighted by their concentrations. The GSH precursors are cysteine, glutamate and glycine. In the [U-
13 C]-L-serine experiments cysteine and glutamate are not labeled and therefore their isotope fractions are at steady state (essentially unlabeled). In the [U-
13 C]-D-glucose experiments cysteine is not labeled and therefore its isotope fractions are at steady state (essentially unlabeled). In the [U-
13 C]-Dglucose experiments glutamate is labeled and we estimate the time scale to steady state. The concentration of glutamate is close to the C glu~1 0 mM range and the rate of glutamate consumption at least list its consumption rate for protein synthesis, g glu >0.4 f P . The rate of protein synthesis is about 20 mM/h in the studied cells and therefore g glu > 8 mM/h (Fig. 3f) . Based on these number the time scale for the transient dynamics of the glutamate isotope fractions is about C glu /g glu <1 hour. Therefore we assume that the glutamate isotope fractions are at steady state at the sampling time of 8 hours. As shown in the main manuscript, we can assume that the glycine isotope fractions are at steady state at the sampling time of 8 hours. The increase in the GSH unlabeled fraction 8 hours after MTX (Fig. 4c) indicates that at 8 hours there is still some residual GSH from the pool at time zero. Since the GSH precursors isotope fractions are at steady state at 8 hours but the GSH fractions may still be in a transient dynamics at that time point, we model GSH as a transient metabolite. In this case we consider only one metabolic flux, the GSH synthesis rate f GSH , and therefore y=f GSH /f GSH =1. Furthermore given the stoichiometry of 1 GSH per glycine we set S GSH =1. Following equation (1.16) we write the tMFA equation for GSH (2.2.1)
where ϕ i are the 13 C fractions of synthesized GSH. Under the assumption that cysteine is unlabeled the synthesized unlabeled GSH fraction is given by
Given as input the GSH, glycine and glutamate labeling fractions (H i , G i , N i ), we calculate ε from equation (2.2.1). Once ε is estimated, we calculate k GSH using equation (1.20) , B(t) using equation (1.21) with n=2 and f GSH using equation (1.12) . To this end, we used as input the measured values of N(0), N(t) and X GSH (t) at t=8 hours. The concentration of GSH at platting, X GSH (0), was assumed equal the average across all replicates and time points in untreated cells.
Based on the rate of GSH synthesis and the GSH concentration reported in the main manuscript, we estimate the GSH transient time to be τ=10.1±0.4, 13.8±0.2 and 5.1±0.5 hours in the MCF7, MDA-MB-468 and MDA-MB-231 untreated cells, respectively. Therefore the GSH pool is at a transient state at 8 hours.
Serine 13 C fractions balance, [U-13 C]-L-serine tracing
Intracellular serine has a concentration in the mM range and the net flux of serine production/consumption is in the mM/h range, resulting in a typical transient scale of about 1 hour. Therefore serine can be treated as a steady state metabolite at the 8 hours sampling point. Serine can be produced from glucose (f cs ), imported from the media (u s ) or produced from the reverse flux of SHMT (f gs ). The serine 13 C fractions satisfy the flux balance equations (2.2.1)
These are the MFA equations for serine. Since the 13 C fractions sum to 1, this is a system of three equations with three variables, f cs , f gs and L 0 . A convenient way to solve this system of equations is to introduce the auxiliary variables 
The solution of the linear system of equations (2.2.8)-(2.2.10) is (2.2.11)
Expressing f cs , f gs and L 0 f gs as the product of x, y and z, respectively, times f gs +u s +f gs and substituting the result into equation (2.2.4) we obtain (2.2.14)
Finally, from equations (2.2.5)-(2.2.7) we obtain (2.2.15)
The serine production/consumption flux balance satisfy the equation 
Based on the net rate of serine production (media uptake, from glucose, from reverse SHMT) and the serine concentration reported in the main manuscript, we estimate the serine transient time to be τ=0.13±0.01, 0.18±0.02 and 0.15±0.02 hours in the MCF7, MDA-MB-468 and MDA-MB-231 untreated cells, respectively. Therefore serine is at steady state at 8 hours.
2.4.Glycine balance
Intracellular glycine has a concentration in the mM range and the net flux of glycine production/consumption is in the mM/h range, resulting on a typical transient scale of about 1 hour. Therefore glycine can be treated as a steady state metabolite at the 8 hours sampling point. Glycine can be imported from the media (u g ), produced from serine (f sg ), produced from 5,10-methylene-THF and CO 2 via reverse GCS (f lg ), or produced from other metabolites such as choline (f og ). The glycine 13 C fractions satisfy the flux balance equations (2.4.1)
where g G is the net rate of glycine consumption, S 010 is the fraction of M+1 serine where the 13 C atom is in the second position, and S 011 is the fraction of M+2 serine where the 13 C atoms are in the second and third position. We note that G 1 is in general very small (G 1 <<G 0 +G 2 ) in our samples. In our experimental setup ([U-
13 C]-D-glucose or [U-13 C]-L-serine) S 010 and S 011 can only be obtained from G 1 and therefore S 010 <<S 0 +S 1 and S 011 <<S 2 +S 3 . Thus from (2.4.3) it follows that (2.4.5)
The thymidylate synthesis rate of a proliferating cell is given by f dTMP =µbx T /V, where µ=ln2/T D is the proliferating rate, T D is the doubling time, b is the number of DNA bases in the cell genome and x T is the fraction of base T in the genome. In general x T~1 /4. For cancer cells T D~4 8 hours, b~15 fmol/cell, and V~3 pL [1] . Based on these numbers we obtain f dTMP~0 .02 mM/h.
Exchange fluxes
In this section we focus our attention on a given extratracellular metabolite X with a time dependent total content X(t) (mol/cell culture). The transient dynamics of X follow the equation 
∑
Measuring N(t) at the i=1,…,n time points we can estimate A(t) using equation (4.4). We calculate A(t) using equation (4.4) with n=2, using as input the measured values of N(0) and N(t) at t=8 hours.
Correcting for 13 C natural abundance
13 C can be found in nature at a 1.1%. Because of that the measured 13 C fractions are slightly higher than what expected if all unlabelled nutrients where fully composed of 12 C. Given a metabolite with n carbon atoms, if X i are the average 13 C fractions assuming that the natural occurrence of 13 C is zero, q is the probability that a carbon atom is 13 C in nature (q=0.011), and Y i are the average 13 C fractions taking into account the natural occurrence of 13 C (the expected value of the measured 13 C fractions), then Using (5.2) we can recursively calculate the 13 C fractions X i after removing the natural occurrence of 13 C.
